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A healthy soil associated with sustainable crop production is likely to be considered a sustainable agricultural system. Soil health indicators only have value if they influence management decisions that support soil and food security. The surface layer (<5 cm) of a field is disproportionally affected by arable land management practices. For silty-clay soils, structural degradation of this layer leads to slaking under the impact of rain, with implications for nutrient leaching, capping, crop emergence, infiltration, runoff and erosion. Thus, aggregate stability (rapid wetting) measurements have relevance for both soil and food security. Also, earthworm activity is a major factor regulating aggregate stability, and important for both soil functions and supporting plant productivity.
Three dynamic soil health indicators, aggregate mean weight diameter, earthworm populations and Lumbricus.terrestris (indicator species) midden abundance, were measured in arable field trials. Results showed that all soils tested were unstable, contained small earthworm populations and very few L. terrestris earthworms, although the actions of the limited numbers of L. terrestris anecic earthworms, specifically their middens, were associated with high biological activity and soil aggregation, highlighting their role as an ecosystem engineer.
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A healthy soil associated with sustainable crop production is likely to be considered a sustainable agricultural system. Soil health is a concept that deals with the integration and optimisation of the physical, chemical and biological properties for improved productivity and environmental quality 
(Moebius-Clune et al., 2016). Arable soil health indicators only have value if they influence management decisions that support both soil and food security. Chemical indicators such as nutrient status and pH generally bear little relationship to the biological and physical characteristics of soils because they are independently managed by fertilisers and liming (Fine et al., 2017). A primary indicator of soil health is topsoil (0 – 23 cm) organic carbon (SOC). However, its ability to influence management decisions is limited as there is no minimum threshold for soil functions (which are confounded by the parent material), it does not inform on stratified (with depth) soil functions, and does not respond quickly to change. To date, whilst the decline in SOC and associated degradation is recognised, using topsoil soil carbon levels to influence management decisions remains controversial. Suggestions include targeting soils below a threshold of <2% SOC (Loveland and Webb, 2003), or the ‘4 per mil’ initiative  ADDIN EN.CITE (Minasny et al., 2017) to generally increase all topsoil SOC levels. An alternative approach is to use dynamic indicators to inform on whether management practices are enhancing or degrading soil functions.
Stable soil aggregates are principally built and regulated by soil biota, and aggregate stability has relevance to both soil and food security. For silty-clay soils, slaking under the impact of rain means that nutrients such as nitrate are no longer protected within aggregates and are at risk from leaching, and capping can both delay the emergence of seedlings, and reduce infiltration which can lead to runoff and erosion. Le Bissonais (1996) classified aggregate stability into five functional categories ranging from very unstable to very stable depending on the fragment size distribution when dry aggregates are subject to rapid wetting. Thus, surface (<5cm) aggregate stability assessments can be readily adapted into a soil health indicator (Table 1): a ‘healthy’ soil is defined as having aggregates that are at least ‘more likely than not’ to be able to withstand disruptive forces associated with rapid wetting from rain.
Table 1:  Proposed soil health categories associated with wet aggregate stability modified from Les Bissonais, 1996.
Aggregate stability, Mean Weight Diameter (mm)	Category	Soil function:
<0.4	Very unstable	Unlikely to resist rapid wetting from rain
0.4 – 0.8	Unstable	More unlikely than not to resist rapid wetting from rain
0.8 – 1.3	Medium	Equally likely as unlikely to resist rapid wetting from rain
1.3 – 2	Stable	More likely than not, to resist rapid wetting from rain
>2	Very stable	Likely to resist rapid wetting from rain
Applying this indicator to inform on whether management practices are enhancing or degrading soil functions has been used on the Highfield Reversion experiment at Rothamsted Research (Hirsch et al., 2017). This experiment was established over 50 years ago, with existing fallow, arable or grassland being converted to one of the alternative treatments in 2008; the ‘Reversion’. Significant changes in soil stability were found at 3 years after reversion (Figure 1). These trends are in agreement with the detailed analyses of soil carbon and microbial community responses between 2008 – 2012, demonstrating that degraded soils have the potential for rapid recovery, mediated by plants following management changes.

Figure 1:  Aggregate stability of the Highfield reversion experiment (existing arable, fallow or grassland being converted to one of the alternative treatments in 2008).  Cultivations rapidly lead to unstable soils (<3 years), but restoring to undisturbed grass for 3 years leads to an increase in stability to the medium category.
The surface layer (<5 cm) of a field is disproportionally affected by arable land management practices, particularly tillage intensity, organic matter applications and cropping. National surveys indicate that soils containing 
>2% SOC are typically stable, whereas soils with <2% SOC are typically unstable (Loveland and Webb, 2003). The stability of soils with <2% SOC is most influenced by soil texture; whereas soils with >2% SOC are most influenced by the type of organic matter, with grassland soils more stable than arable soils amended with organic manures (Williams, 1970).  Intensive tillage reduces aggregate stability and soils become increasingly vulnerable to mechanical damage as SOC levels decline (Watts and Dexter, 1997). However, the role of organic matter applications to support SOC levels and soil stability under arable production is unclear. Farmyard manure (FYM) applications can lead to rapid improvements in aggregate stability in <2 years (Shirani et al., 2002), although high rates of long-term applications of FYM are detrimental to aggregate stability (Whalen and Chang, 2002). There are new sources of organic matter for field applications as a result of the EU 2020 Landfill Directive, with both green waste compost and anaerobic digestate being recycled back to land. Their roles in soil stability are unknown, but both amendments have significant impacts on soil physical properties and earthworm populations (WRAP, 2015).
Earthworm activity is considered to be a major factor regulating macroaggregate turnover and microaggregation (Six et al., 2004), and earthworms play an important role in soil functions that enhance plant productivity (van Groenigen et al., 2014). Thus, earthworm populations have relevance to both soil and food security. There are three ecological groups: surface dwelling epigeic earthworms help to break down surface organic matter; anecic earthworms are surface-feeding earthworms that incorporate organic matter into the soil; endogeic earthworms mix the organic and mineral components together in the topsoil. Arable soils typically contain 
150 - 370 earthworms per m3, and populations over 400 earthworms per m3 are linked to significant benefits to plant productivity (van Groenigen et al., 2014). However, macrofaunal assessments are laborious, measured on small scales compared to field sizes (e.g. 0.04 m2 per assessment pit), seasonal, and typically generate weak data sets that reduce their usefulness for influencing management decisions. A refinement of general macrofaunal assessments is to focus on an indicator species, specifically the anecic earthworm Lumbricus terrestris, which is an ecosystem engineer. Anecic earthworms have the greatest effect on plant productivity (van Groenigen et al., 2014) and are responsive to arable management practices. For example, L.terrestris activities are stimulated by organic matter applications (Stroud et al., 2016a) but are at risk of a population collapse as a result of intensive tillage (Briones and Schmidt, 2017). This species forms distinctive middens (ca. 10 cm diameter) on the soil surface where they incorporate organic matter over their permanent vertical burrow, and midden counting (middens per m2) is a useful indicator of their abundance. Middens and the soil directly below them, have distinctive properties different from the bulk soils, being both chemical (more available nutrients) and biological (mesofauna and endogeic earthworm) hotspots (Stroud et al., 2016b). In terms of thresholds, anecic populations >30 per m2 enhance cereal yields (Edwards and Lofty, 1980). Thus four functional soil health categories are proposed using L.terrestris (Table 2): a ‘healthy’ soil is thereby defined as having a L.terrestris population, as indicated by their middens, that is ‘more likely than not’ to support plant productivity.
The combination of aggregate stability, general earthworm numbers and L.terrestris as indicators of soil health has been tested at Rothamsted Research, where the arable fields are known to slake and cap, which indicates poor water stable aggregates; conventional tillage (plough to 23 cm, power harrow, rolling, drilling) with no straw return is standard farm practice.


Table 2: Proposed soil health categories associated Lumbricus terrestris midden abundances.
L.terrestris midden abundance	Soil function
< 1 per m2	Unlikely to play a role in plant productivity
1 – <15 per m2	More unlikely than not to play a role in plant productivity
15 - < 30 per m2	More likely than not to play a role in plant productivity
>30 per m2	Likely to play a role in plant productivity

Conversely, there is limited evidence that structural degradation has influenced crop yields, although ‘spring sown crops may be adversely affected in unfavourable seasons’ (Avery and Catt, 1995). Three field trials were selected for soil health surveys (Tables 1, 2) to test the following hypotheses:
1.	Long-term (174 years), conventionally cultivated soils under mineral-only fertilisation have poor soil health (unlikely to have soil aggregates that resist rapid wetting from rain and L.terrestris populations that support plant productivity) compared to those that receive farmyard manure (FYM): the Broadbalk Experiment.
2.	Five years of annual organic amendments (FYM, straw, green waste compost or anaerobic digestate) to conventionally cultivated soils improves soil health (more likely than not, to have both soil aggregates that resist rapid wetting from rain and L.terrestris populations that support plant productivity): the Fosters trial.
3.	Residual benefits to soil health (likely to have both soil aggregates that resist rapid wetting from rain and L.terrestris populations that support plant productivity) can be detected 2-years after organic amendments (FYM or green waste compost) cease under non-inversion tillage: the New Zealand trial.

2.  METHODS
2.1.  Field experiments.
2.1.1.  Sites.
Three field experiments were sampled for this research. They are located at Rothamsted Research, Hertfordshire (51.8081N:0.3752W) and are all on silty-clay loam soil. These comprised (1) the Broadbalk Wheat Experiment, started in 1843, (2) the Fosters experiment started in 2012, and the Fosters Ley-Arable Experiment started in 1948 (with a permanent fallow being established in 1960), and (3) the New Zealand experiment started in 2012, which are all within 500 m of each other. The sites were selected for differences in soil management and tillage intensity as detailed below. All sampling and analysis was performed in 2016 – 2017.


2.1.2.  Experiment details and sampling design.
2.1.2.1.  Broadbalk.
The Classical Broadbalk winter wheat experiment is a conventionally managed, intensively cultivated soil (ploughed to 23 cm, power harrowing, rolling and drilling) long-term trial, set up to determine which nutrients are needed to maintain fertility for the profitable growing of winter wheat. All plots (n = 72) under continuous winter wheat (sections 0, 1, 6 and 9) were studied, which included the control (Nil), 15 chemical fertiliser treatments and two FYM treatments (Table 3). Section 0 is the only section where straw is returned, and section 6 is the only section where fungicides are restricted. The experiment was established 174 years ago, before statistical experimental designs were developed, thus the treatments are not replicated and in parallel to each other. To reduce this confounding factor for soil physical measurements, samples were collected from the plots and the permanently fallowed gaps between each plot (n = 73). Additionally, the grassed area of the so-called Wilderness at one end of Broadbalk was sampled. Supplementary data (soil texture, soil physical properties, crop yields, soil and straw chemistry) was obtained from the Electronic Rothamsted Archive​[1]​ and Rothamsted Annual Reports.
Table 3:  Broadbalk plot treatments shared between sections 0, 1, 6 and 9.
Strip	Treatment from 2001	Strip	Treatment from 2001










The Fosters experiment is a conventionally managed, intensively tilled (ploughed to 23 cm) soil that has been under arable production for over 
100 years, with no history of organic amendments prior to 2012. Subsequent to this date, an experiment was set up to determine the optimal rate and type of organic amendments to improve soil health and crop productivity (Whitmore et al., 2017). The experiment is a randomised block design consisting of 
220 plots; 20 plots (4 replicates x 4 treatments + control) were chosen for this study; these were growing winter wheat in the 2016 – 2017 cropping year. These plots had received 2.5 t C ha-1 organic amendments (either FYM, green waste compost, anaerobic digestate or chopped straw) for 5 years. Additionally, the adjacent Fosters Ley-Arable experiment was sampled to assess the soil physical structure resulting from permanent grass or fallow treatments.
2.1.2.3.  New Zealand (NZ).
The NZ experiment is a conventionally managed, straw-removed, non-inversion tillage experiment (Lemken Karat stubble cultivator to 10 cm, followed by power harrowing, followed by Horsch Simba seed drill) (Whitmore et al., 2017). It is used to study the residual effects of organic amendments on spring barley yields. The experiment is a complete randomized block design with three replicate plots per treatment (n = 75 plots) and includes the cycling of five rates of inorganic nitrogen (N) applied by hand; in 2017 these were 0, 60, 100, 140 or 180 kg N ha-1, where 
140 kg N ha-1 is the recommended N application rate for the spring barley. Previously, for three continuous years (2012 – 2014), two rates and types of organic amendments had been annually applied in September, before tillage and crop drilling: green waste compost or FYM at 2.5 or 3.5 t C per ha-1 yr-1. There was also a control (no organic amendment). No organic amendments were applied in the autumn of 2015 or 2016 in order to study the residual effects of these amendments. Plots managed under recommended fertiliser rates, which had previously been amended with 3.5 t C per ha-1 yr-1 organic matter and the control, were sampled for soil physical assessments (n = 9), and every plot was sampled for earthworm assessments (n = 75).
2.2.  Measurements.
2.2.1.  Aggregate stability.
A soil corer (75 mm diameter steel ring) was used to collect soil samples to 
50 mm depth from selected plots and the soils carefully transported to the laboratory for assessment. Aggregate stability assessments were based on Le Bissonnais’ (1996) test, specifically the rapid wetting test, and expressed as the fragment size distribution in seven classes or the mean weight diameter (MWD). Larger values of MWD indicate that the soil is more resistant to external stresses (slaking) while smaller values imply a less stable soil. The series class boundaries suggested by Le Bissonnais were used to place each soil in one of five groups: 1, very unstable (MWD <0.4 mm); 2, Unstable (MWD 0.4-0.8 mm); 3, Medium stability (MWD 0.8 – 1.3 mm); 4, Stable (MWD 1.3 – 2.0 mm) and 5, Very Stable (MWD >2.0 mm). For quality control, one sample was repeated for each batch, with an acceptable limit of variation of <10%.
Additionally, on the NZ trial, soil directly under middens was collected for aggregate stability assessments to determine whether middens are soil physical hotspots. Bait-Lamina sticks were also deployed to study the activity of earthworms (van Gestel et al., 2003). Briefly, one stick was inserted into a midden, with 5 middens studied per plot and each paired with a Bait-Lamina stick inserted 30 cm from the midden in the midden-free soil surface. The five replicates per plot for either ‘midden’ or ‘midden-free’ soil (n = 90) were collected after 3-weeks, when approximately half of the bait had been eaten (as recommended by the manufacturer).


2.2.2.  Earthworm hand sorting assessments.
After harvest, standard hand sorting assessments for earthworms were performed. Briefly a 20 x 20 x 20 cm cube (representing ≤ 0.1% plot area) was dug out from the centre of each plot using a fork, placed on a plastic liner and hand sorted for earthworms. For quality control, soil that had been sorted was not immediately returned to the hole, but was re-sorted by another person on selected plots. Recovery of earthworms was 81 ± 8% per pit from the primary sorting activity, with the average size of worms missed then but noted in the second sorting being 0.18 ± 0.08 g; these were either juveniles or green A. chlorectica. The earthworms were placed in moist containers, and transported to the laboratory for counting, weighing (individually) and species identification using the OPAL guide (OPAL, 2012). After assessment, the earthworms were released back into a field.
2.2.3.  Midden counting to estimate anecic (L.terrestris) earthworm activity.
After harvest, standard midden counting was performed at each site. Briefly, a 1 m2 quadrat was randomly placed on the plot surface and the number of middens were recorded, within 4 m2 plots on Broadbalk, 6 m2 plots on NZ and 8 m2 plots on Fosters.
2.3.  Data analyses.
Genstat (2012, 14th addition, VSN International Ltd., UK) was used to perform the statistical analyses. Differences obtained at levels p ≤0.05 were reported as significant.

3.  Results.
3.1.  Broadbalk analyses.
3.1.1.  Section 0, 1, 6 and 9 analyses using historical data sets.
There are three soil types present in Broadbalk field: Typical Batcombe Series (sections 0, 1 and 6); Heavy Batcombe Series (patches on sections 0 and 1) and Charity-Notley Series (section 9); with a clay content ranging from 
19.6 – 38.7% (Figure 2). Previous topsoil clay mineralogical analysis on selected plots in sections 1 – 4 show ca. 45% vermiculite-smectite (2:1 layer silicate) and ca. 20% kaolinite (1:1 layer silicate). To the best of the authors’ knowledge, there has been no clay mineralogical analysis on section 9, and unlike the other sections, a significant relationship between clay and titanium (Ti) (Figure 2) was found there, suggesting a different mineralogy, potentially an abundance of kaolinite (Weaver, 1976). There are significant differences in soil pH between sections and treatments, for example, the Nil plots are consistently at pH >8, in contrast to most other sections and treatments.
3.1.2.  Aggregate stability assessments.
The majority (80%) of samples collected from plots from the continuous wheat section (n = 4) of Broadbalk were unstable (MWD <0.8 mm). Using Table 1, this indicates that the soil aggregates for the majority of the field are unlikely to resist rapid wetting from rain (Figure 3). Just one plot was stable 
(MWD >1.3 mm). In comparison, the Broadbalk (Wilderness) grass was classified as very stable (MWD = 2.87 mm).

Figure 2:  Relationship between clay contents and titanuim concentrations in Broadbalk soils.
The plots were significantly (p = 0.002) more stable than the fallowed gaps between the plots for sections 0, 1 and 6 (Figure 4a). In contrast, on section 9 there was no significant (p > 0.05) difference between the plots and fallowed gaps. On section 9, every plot sample was classified as unstable.  The plots had significantly (p < 0.01) more total C than the fallowed gaps between the plots for sections 1 and 6 (Figure 4b). In contrast, on sections 0 and 9 there was no significant difference (p > 0.05). As section 9 was ubiquitously unstable (Figure 3), with a probably different clay mineralogy (3.1.1), section 9 was analysed separately for the soil physical assessments.






Figure 4:  Difference between the plots and fallowed areas between each plot for (a) mean aggregate stability (rapid wetting), and (b) mean surface SOC (%) calculated for each section.
For sections 0, 1 and 6, no significant differences between the FYM (Plot 2.2) and FYM + N2 (Plot 2.1) treatments were found (Table 4). The FYM (2.2) treatment was significantly more stable than the Nil (3) treatment, but there were no significant differences between either of the FYM treatments and each of the mineral-only fertiliser plots (Table 4). Two mineral-only treatments were significantly more stable than the Nil treatments. Excluding the FYM treatments, Pearson correlation coefficients were used to pair MWD to selected soil physical and chemical characteristics and to wheat yields (Table 5). There were no strong correlations (r > ± 0.7), but a number of weaker correlations: clay % (r (46) = 0.697, p < 0.05); surface (0 – 5cm) SOC % 
(r (46) = 0.554, p < 0.05); topsoil (0 – 23 cm) SOC % (r (46) = 0.506, p < 0.05) and yield (r (46) = 0.506, p < 0.05). These were investigated using simple linear regressions, with the best % variance of MWD accounted for by clay content (47.6%), followed by surface SOC % (29.1%), then topsoil SOC (22.3%); 
24.6% of yield was accounted for by MWD (Figure 5 a, b, c and d respectively). Section 9 was also studied using Pearson correlation coefficients, and unlike the other sections, no variance was accounted for by clay or SOC. The alkaline Nil plot (3) on section 9 was an outlier for Ca content, and once removed there was a correlation: Exchangeable calcium (r (13) = 0.690, 
p < 0.05), which accounted for 43.6% variance of MWD (Figure 6).
Table 4:  P values based on individual comparisons between each treatment and either the FYM plots (2.2) or Nil plots (3) for sections 0, 1 and 6.





















The majority (> 74 ± 1.1%) of earthworms found by digging and handsorting the topsoil on each continuous wheat section (n = 4) of Broadbalk were small juveniles (0.05 - 0.3 g live weight). Overall, a total of six earthworm species were found including the endo-anecic A. longa, endogeic A. chlorotica (pale and green) > A. caliginosa > O. cyaneum > A. rosea and epigeic L. castaneus. No L. terrestris (the midden building earthworm) were found in this duplicate pit per plot sampling strategy (144 pits on the field), although L. terrestris earthworms were found in both pits sampled from Broadbalk Wilderness grass.


Table 5:  Pearson correlation matrix of aggregate stability, MWD compared to soil chemical and physical assessments, and yield. NS is not statistically significant at (p <0.05).
	Aggregate stability (sections 0,1,6) MWD (mm)	Aggregate stability (section 9) MWD (mm)
Fertiliser N (kg ha-1)	0.480	NS
Topsoil (< 23 cm) SOC (%)	0.506	NS
Surface (< 5 cm) SOC (%)	0.554	NS




Exchangeable Ca (mg kg-1)*	NS	0.690
CaCO3 (%)	0.315	NS
Soil strength (K pa)	0.399	NS
Bulk density (Mg m3)	NS	NS
Nos. earthworms (ind m3)	NS	NS
Mass earthworms (g m3)	NS	NS
2016 wheat yield (t ha-1)	0.506	NS

There were no significant differences between the FYM (2.2) and FYM + N2 (2.1) treatments (Table 6). The FYM (2.2) treatment had significantly higher biomass and numbers of earthworms compared to the Nil (3) treatment, with populations of 118 – 338 individuals per m3 in comparison to 25 – 50 individuals per m3, respectively (Figure 7a, b). However, there was no significant differences in earthworm biomass between the Nil (3) and FYM N2 (2.1) plots. In terms of earthworm biomass, only 13% of the mineral-only fertiliser plots (treatment PK (5), and N4 (10)) had significantly smaller earthworm biomass to the FYM plot (2.2) (Figure 7a). In terms of earthworm numbers, 47% of the mineral-only fertiliser treatments had significantly fewer numbers of earthworms than the FYM (2.2) treatment (Figure 7b). Comparing the Nil (3) to all mineral-only fertiliser treatments found that there were no significant differences in earthworm numbers or biomass for 67% of the treatments. Interestingly, 80% of treatments receiving 192 kg N ha-1 (N4; Plot 9) with P had significantly higher numbers of earthworms than the Nil plots (Table 6).
In comparison, the N4 alone (Plot 10) treatment had the fewest numbers of earthworms (25 – 50 individuals per m3) which was not statistically significant from the Nil (Plot 3) treatment. Excluding the FYM treatments, Pearson correlation coefficients were calculated for soil physical and chemical data, and crop yields paired to earthworm numbers and biomass (Table 7). There were no strong correlations (r > 0.7) between earthworm populations and the tested parameters, nor any moderately strong correlations (r > 0.5). There were no significant correlations between earthworm populations and physical indicators such as bulk density, soil strength and aggregate stability (Table 7).

Figure 5:  Difference between the plots and fallowed areas between each plot for (a) mean aggregate stability (rapid wetting), and (b) mean surface SOC (%) calculated for each section.
3.1.4.  Deep burrowing L.terrestris earthworm middens.
A total of 300 m2 was surveyed for middens, with middens found on 13 plots (of the 72 studied). Middens were found on every FYM plot, with the highest abundance of 2 middens per m2 (Figure 8). Referring to Table 2, at these populations, they would be classified as unlikely to play a role in plant productivity.




Figure 6:  Relationship between aggregate stability (rapid wetting) and Exchangeable calcium on section 9.  Note the Nil plot (alkalkine pH was removed as an outlier).
3.2.  Fosters field trial analyses.
3.2.1.  Fosters field using historical and published data sets.
3.2.2.  Aggregate stability assessments.
There were no significant differences in the aggregate stability of the soil on Fosters following the 5-year annual applications of organic amendments. The aggregate stability of the untreated soil had a MWD of 0.47 ± 0.03 mm (SOC 1.46 ± 0.03%) by comparison with the organic amended soils, which ranged between 0.44 – 0.49 mm (SOC 1.52 ± 0.04%); all of which are in the unstable category (0.4 – 0.8 mm). Soil from the Fosters ley-arable experiment under grass was very stable with a MWD of 2.25 ± 0.34 mm (SOC 3.4 ± 0.5%), whereas the long-term fallow was unstable, with a MWD of 0.42 ± 0.04 mm (SOC 1.57 ± 0.05%). Using Table 1, this indicates that the soils under arable production or from the fallowed areas of the Fosters Ley-Arable experiment are unlikely to resist rapid wetting from rain.
3.2.3.  Earthworms.
No significant differences between the treatments were found, with very few earthworms (<50 per m3) detected (Figure 8).
3.2.4.  Deep burrowing L.terrestris earthworm middens.
A total of 200 m2 was surveyed for middens. The average midden plot counts ranged between 0 to 0.8 per m2. Referring to Table 2, at these populations, they would be classified as unlikely to play a role in plant productivity.


Table 6:  P values based on individual comparisons between each treatment and either the FYM (2.2) plots or Nil (3) plots.




















3.3.  New Zealand field trial analyses.
3.3.1.  Using historical and published data sets.
The NZ field shares the same principle soil type as Broadbalk (Typical Batcombe Series). The clay content was reported as 14.9%. To the best of the authors knowledge, there has been no clay mineralogical analysis. The soil pH was 6.9.
3.3.2.  Aggregate stability assessments.
No significant differences were detected between the residual treatments of compost or FYM at any of the application rates, and the arable soil was categorised as unstable (Figure 8). However, soil collected directly from beneath middens was significantly more stable as assessed by aggregate MWD (Figure 9a) and was classified as medium stability. There was significantly more of the Bait-Lamina stick consumed directly under middens (Figure 9b). It was noted that A. chlorectica were frequently found within the holes of the sticks. Using Table 1, this indicates that these soils are more unlikely than likely to withstand rapid wetting from rain, regardless of organic amendment history. The localised earthworm effects improved aggregation to a level where it was equally likely as unlikely for the soil to withstand rapid wetting from rain.





The hand sorting assessments found no significant differences in earthworm populations (numbers or biomass) in response to residual organic amendments nor nitrogen rates (data not shown). The mean numbers of earthworms per plot treatment ranged between 25 – 158 earthworms per m3, and associated biomass between 1 – 64 g (live) per m3.
Table 7:  Pearson correlation matrix of earthworm populations compared to soil assessments and crop yields.  NS is not statistically significant at 
(p <0.05).
	Unit	Nos. earthworms (ind m3)	Mass earthworms (g m3)
Fertiliser N	kg ha-1	0.392	0.426
Topsoil (< 23 cm) SOC	%	0.422	0.394
Surface (< 5 cm) SOC	%	0.409	0.412








Aggregate stability (rapid wetting ) MWD	mm	NS	NS
2016 wheat yield	t ha-1	0.356	0.408

3.3.4.  Deep burrowing earthworm middens.
There were 50% more middens on the high FYM plots in comparison to the nil plots (p<0.03), but no significant differences between midden numbers on the compost or Nil plots (Figure 10). However, the numbers of middens were significantly <15 per m2, indicative of being unlikely to have an impact on plant productivity.

4.  Discussion.
4.1.  Tillage, fertilisers and soil health (Broadbalk).
There was no evidence to support the hypothesis that long-term (174 years), conventional cultivation of soils receiving mineral-only fertilisers have poorer health in comparison to those receiving FYM (Figure 3). Both the mineral- and FYM-amended treatments had structurally degraded surface soils, typically unstable aggregates that are unlikely to be able to resist rapid wetting from rainfall (Table 4, Figure 4). Our results showed that FYM did not provide benefits to aggregate stability (Table 5), which is in agreement with another long-term study where annual applications of FYM for 25 years were found to decrease soil stability, linked to dispersion agents in the manures such as NH4+ (Whalen and Chang, 2002).
Figure 8:  Earthworm numbers on Fosters field experiment.  None is where no organic amendments were applied, and the organic amendments were applied at 2.5 t ha-1 FYM is farmyard manure, AD is anaerobic digestate, Straw is cereal straw and Compost is green waste compost.
A survey of 189 soils using the water slaking test identified that, for soils with >2% SOC, the type of organic matter was important, with grass soils more stable than arable soils, whose stability was little affected by organic manures (Williams, 1970). However, it was previously reported that organic manures stabilised soil following a water slaking test on selected plots (n = 6) on section 1 of Broadbalk (Williams, 1977), which is in disagreement with our findings. Looking only at section 1 for our data, also found that 80% of the mineral-only treatments were less stable than the FYM treatments, whereas our comprehensive analyses (n = 54 plots) showed that there were no significant differences in aggregate stability as a result of FYM treatments. There has been one other previous study on soil stability on Broadbalk, using the Yoder (wet sieving) method on topsoil (0 – 10cm) from selected plots (n = 10) on sections 0 and 1 (Blair et al., 2006). This study reported that section 0 was more stable than section 1, which is in general agreement with our findings using the Le Bissonnais test on surface soil (0 – 5 cm). Whilst our findings were correlated 
(r = 0.66, p = 0.04, data not shown), we did not find a significant improvement in soil stability as a result of FYM applications, nor strong relationships between SOC and aggregate stability (Figure 5, Table 5), which differs from Blair et al.’s (2006) study. However, sections 0, 1 and 6 were significantly more stable and sections 1 and 6 had higher total carbon levels in the plots compared to the fallowed areas (Figure 4).
Figure 9:  (a) Aggregate stability in relation to sampling the soil from the plot, or directly below a Lumbricus terrestris midden; (b) Bait consumed in the plot, compared to directly below a Lumbricus terrestris midden.
Plant roots play an important role in aggregate stability (Six et al., 2004), and plant-mediated recovery of degraded soils has been found on the Highfield Reversion Experiment (Hirsch et al., 2017), although whilst the planted soils were more stable than the fallow, this was not to a level that would lead to beneficial soil functions (Table 1). Our results showed that there were good relationships between soil stability and soil texture, specifically the clay content (Figure 5), with the exception of section 9. Clay content is often correlated to aggregate stability as clay particles are cementing agents, and clay types have different surface areas and cation exchange capacities, and thus influence on aggregation (Fernández-Ugalde et al., 2013).
Figure 10:  Lumbricus terrestris midden abundance on NZ trial.
Section 9 was interesting in that, being a different soil type compared to the other sections (see 3.1.1), it showed no response of aggregate stability or soil C to cropping (i.e. plot vs fallowed areas between the plots; Figure 4). It had the lowest clay content and there was also a correlation between clay and soil Ti concentration, which was unlike any other section (Figure 2), indicating a different mineralogy. There were also no correlations between clay or SOC with aggregate stability on this section, and only weak evidence for aggregate stability being associated with Ca (Table 5, Figure 6). Calcium is a cementing agent and prevents dispersion (Amézketa, 1999). These data suggest that section 9 is more influenced by its likely 1:1 clay mineralogy than by management, which is associated with the weaker ability of 1:1 clay minerals to protect organic matter from biodegradation (Barré et al., 2014) and their weak relationships with biological aggregation factors (Denef and Six, 2005).
In terms of macrofaunal assessments, the laborious topsoil hand-sorting assessments found that populations were below the 400 per m3 threshold required for a significant benefit to crop productivity, but within the range of numbers typically found in arable fields (Figure 7). However, beneficial soil functions are generally ascribed to adults while the population here was dominated by small, juvenile earthworms (74% of earthworms were <0.3 g), whose contributions to soil functions are unknown. A total of 6 species was found from the 144 pits (5.76 m3 total area surveyed) from the arable field; however no L.terrestris were found using this assessment method, although Broadbalk Wilderness grass had an abundance of L. terrestris (found in every pit (0.08m3 total area surveyed)). It is interesting that the endo-anecic A. longa may now fill this niche, whereas historical records indicate that anecic earthworms on Broadbalk were dominated by L. terrestris species (Edwards and Lofty, 1982). The impact of FYM on earthworm populations was mixed (Table 6). There were only two mineral-fertiliser only treatments, and neither had balanced nutrition (i.e. N, P and K) and so yields were poor (0.51 - 1.43 t ha-1). They contained significantly less earthworm biomass than the FYM treatment, although this was confounded by the high variability of the data. 
In comparison, 47% of the mineral-only plots had significantly fewer numbers of earthworms than the FYM treatments, indicating it is a more sensitive indicator of earthworm populations. In terms of mineral-fertiliser treatments, trends between earthworm populations and N inputs on selected plots on Broadbalk have been previously reported (Edwards and Lofty, 1982). A weak linear relationship between earthworms and N inputs was found in this survey (Table 7), and N4 coupled to a history of P applications generally enhanced earthworm populations significantly over the Nil (3) treatment (Table 6), although not to levels that would significantly enhance crop productivity.
The quick midden counting method surveyed 288 m2 of the soil surface. Despite finding no L .terrestris during topsoil assessments, middens were found on every FYM treatment (up to 2 per m2). It is unlikely that the hand sorting assessment was adequate (total 0.64 m3 assessed on the FYM treatments) to capture L. terrestris at these low densities. Fewer middens were found on the mineral-fertiliser only treatments (<1 per m2), so it is unlikely that L. terrestris plays a role in plant productivity on Broadbalk. These data are in agreement with this species sensitivity to tillage (Briones and Schmidt, 2017) and earlier work suggesting a population collapse of L. terrestris on Broadbalk (Stroud et al., 2016c).
In summary, the soils of Broadbalk are unlikely to resist rapid wetting from rainfall, and thus are unlikely to provide functions associated with stable aggregates that support soil and food security (Figure 3). In terms of management, there were no significant differences in stability between FYM or mineral-only fertilisers, and clay was the most important factor affecting stability on this soil (Figure 5). Previous research, mapping clay levels against topsoil SOC levels across Broadbalk, found the mineral-only plots are at baseline SOC levels, in agreement with the minimum SOC values reported in a national survey of arable soils (Watts et al., 2006). The numbers of earthworms on Broadbalk assessed by hand sorting methods was at levels typically found in arable fields, although the role of small juvenile earthworms (<0.3 g, live weight) on soil functions is not known. A small population of L. terrestris was present on this field, primarily restricted to the FYM treatments with an abundance that is unlikely to play a significant role in plant productivity, in line with previous research suggesting their population has collapsed. Together, these data indicate that arable management is not delivering a healthy soil in association with sustainable crop production.
4.2.  Organic amendments and soil health (Fosters).
There was no evidence to support the hypothesis that annual organic amendments to (formerly) mineral-only, conventionally cultivated soils led to an improvement in soil health (Fosters trial). No improvement in the stability of the unstable aggregates was detected after five years of organic amendments that included compost, FYM, anaerobic digestate or straw, in comparison to the Nil plots. On the one hand this result was unexpected since it is well established that organic matter amendments improve aggregate stability. However, there are differences in the effect and duration of such amendments, depending on organic matter composition, with straw and farmyard manure associated with rapid improvements in aggregate stability in comparison to compost (Abiven et al., 2009). Whilst it is possible that dispersion agents in FYM could impact aggregation on Broadbalk, and the same material was used on both the Fosters and NZ trials, it is unlikely that every type of amendment, e.g. straw, contained dispersion agents that would cause this result. Further, the application strategy of ‘little and often’, as used in this trial, i.e. annual applications ploughed in in autumn, has been found to have a greater effect on soil physical quality than that of one large addition in year one (Paré et al., 1999), indicating that the strategy was appropriate but nevertheless ineffective. The recycling of green waste compost and anaerobic digestate and impact on soil health in this study showed it performed no differently from more traditional FYM or straw applications, that is, equally ineffective. The results from the Fosters Ley-Arable experiment showed that the fallow treatments were as unstable as the Fosters arable experiment, whereas the grass was very stable, demonstrating that the soil is capable of aggregating.
Land use history is often cited as a bigger factor than any other when investigating the effects of organic matter on soil properties (Loveland and Webb, 2003). There has been one study on instability to water slaking, made in 1962, comparing the Rothamsted Ley-Arable experiments on Highfield (very old permanent pasture prior to experiment starting in 1949) to Fosters (long history of arable cropping prior to experiment starting in 1949) (Williams, 1975). More than 15% unstable samples was taken to be the threshold for capping, and the results showed that no Highfield soil exceeded this value, whether permanently fallow (2 years, started in 1960), arable (with or without FYM applications) or former leys that had been ploughed. In comparison, Fosters was significantly more unstable (i.e. had >15% unstable samples) with the permanent fallow (2 years; 29% unstable), arable with or without FYM (26% and 25% unstable, respectively), and former leys that had been ploughed for 3 years (18% unstable), all highly vulnerable to capping. One further sampling was performed in 1971 on both permanent (11 years) fallows on each experiment, which found the permanent fallow on Highfield had deteriorated to 22% unstable (likely to cap) and a significant loss of SOC was found, but Fosters remained the same at 29% unstable with no change in SOC, suggesting that Fosters had reached a baseline. The arable soils on Fosters have similar SOC and (in)stability levels to those of Broadbalk, which has been linked to a baseline SOC level for arable fields (Watts et al., 2006). This could explain why earthworm numbers were so low, and middens were almost absent (<1 per m2 in agreement with previous research; see (Stroud et al., 2016c)). Further, whilst the 4-year monitoring of the Highfield reversion experiment indicated that soil biota are resilient and plant-driven recovery can be rapid (Hirsch et al., 2017), the land-use history of Highfield is significantly different to that of Fosters. Research on the annual application of different rates and types of organic amendments during the four-year study on Fosters (2012 – 2016) found a significant impact on crop yields (which was unexplained), but no significant impact of these amendments on the soil microbial (bacteria, fungi) community or earthworm populations (Whitmore et al., 2017), which may indicate limited soil resilience and recovery.
From a soil health perspective, the absence of aggregation in response to organic amendments and the small earthworm population that is unlikely to play a significant role in crop productivity, indicates that the soil is not healthy and is not associated with sustainable crop production in this field; it is not a sustainable agricultural system.
4.3.  Residual benefits from organic amendments (New Zealand trial).
There was little evidence to support the hypothesis that residual benefits to soil health can be detected 2 years after organic amendments cease. There were no significant differences in the stability of the soils related to the previous organic amendments, and the soils were again classified as unstable (Figure 9a). There were no significant differences between the treatments in earthworm numbers, in agreement with the other findings presented here. However, there were more middens on the FYM plots (Figure 10), with medium stability soils found directly below the middens regardless of previous organic matter application (Figure 10a). Thus, there is a residual effect from FYM on L. terrestris activities, but the number of middens was low (<15 per m2) indicating that this would have little impact on plant productivity. There was also a higher level of earthworm activity directly under middens, as indicated by the consumption of the Bait-Lamina sticks (Figure 10b), with the topsoil A. chlorotica earthworms found directly associated with the stick under middens only. Middens on this trial have been shown in previous work to be chemical and biological hotspots (Stroud et al., 2016b), and they are now shown to be hotspots of physical aggregation. Practically, this suggests that middens are not simply indicators of the presence of L. terrestris activity, but are soil health hotspots whose abundance is likely to benefit soil functioning.
4.4.  Soil health and sustainable crop production.
The evidence presented here suggests that the three field trials do not have a healthy soil associated with sustainable crop production. None of these trials had stable aggregates able to resist disruptive forces of rainfall impact, nor earthworm populations that are likely to play a significant role in plant productivity. The application of organic amendments under intensive cultivations has had little impact on these dynamic soil health indicators. The value of organic amendments to sustainable agricultural systems is complicated, for example crop yields are typically higher in soils receiving organic amendments (Johnston et al., 2009; Whitmore et al., 2017) attributed to beneficial changes in soil structure. However, this has not been calculated or measured (Johnston et al., 2009), and a comprehensive analysis of soil physical and biological changes in response to organic amendments found little supportive evidence for this hypothesis (Whitmore et al., 2017). Thus, using organic amendments to either target <2% SOC soils (e.g. Broadbalk mineral-fertiliser plots and Fosters) or taking the approach of the ‘4 per mil’ initiative, may not lead to concomitant improvements in soil functions. A more fundamental change in management practices addressing tillage and/or cropping is likely to be needed to improve soil functions here. Intensive tillage on these soils vulnerable to disruptive forces is causing structural degradation and is detrimental to anecic earthworm populations and their soil functions. Thus, reducing tillage intensity is likely to be key to the recovery of these soils. This could be achieved by converting arable crop production to grassland (e.g. Figure 1), providing the soils have similar inherent resilience as old permanent pasture (Hirsch et al., 2017). A different approach is to continue arable crop production under zero-tillage systems, which are linked to significant improvements in near-surface soil aggregate properties at regional scales  ADDIN EN.CITE (Blanco-Canqui et al., 2009). This no-till system is known to concentrate SOC at the surface (Powlson et al., 2014), thus supporting surface aggregation for a range of benefits to soil functions, with implications for nutrient leaching, capping, crop emergence, infiltration, runoff and erosion. Further, these systems use surface mulches which protect the soil surface from rainfall impact, and provide surface food which is linked to improving deep burrowing earthworm abundances (Stroud et al., 2016c). Experiments into zero-tillage arable production and soil health indicators are now in progress (conversion of NZ field trial to zero-tillage, October 2017). 




Three dynamic soil health indicators, aggregate mean weight diameter, earthworm populations and L. terrestris midden abundance, were measured on three field trials, managed for arable cropping and known to be vulnerable to slaking and capping. All soils were found to be both unstable and to contain very few anecic earthworms, indicating that they are ‘unhealthy’. It was discovered that the actions of the limited numbers of L. terrestris anecic earthworms, specifically their middens, were associated with high biological activity and soil aggregation, highlighting their role as an ecosystem engineer. Despite expectations, organic amendments did not improve the indicators. Whilst there were indications of poor soil health, crop yields have been sustained and, in many cases, increased by appropriate crop varieties, nutrient management and pest and disease control. However, intensive tillage on soils vulnerable to disruptive forces is causing structural degradation and is detrimental to anecic earthworm populations and their soil functions. This suggests that a change in tillage is needed to improve soil health associated with sustainable crop production, and improve the sustainability of these agricultural systems.
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